Introduction
Metal-organic frameworks (MOFs), consisting of organic cations, a network of metal ions coordinated by organic bridging ligands, have attracted a lot of attention because of their multifunctional properties, such as ferroelectricity, magnetism, and conductivity. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In particular, the combination of ferroelectric and magnetic orders (i.e., multiferroicity) in a single-phase material is of great technological and fundamental importance. 1-3, 13, 18-21 Furthermore, by considering their diversity in chemical compositions and structural topologies, MOFs are considered as highly promising candidates for multifunctional materials for their potential application in gas absorption and separation, ionic exchange and identification, conductive and catalytic, magnetic and even ferroelectric properties. 4, 22 In particular, some MOFs with perovskite topology showing the coexistence of ferroelectric and magnetic orders, such as AM II (HCOO)3 (A = NH2(CH3)2 (DMA) or NH4; M = Mg, Zn, Mn, Ni, Co, or Fe), 5-7, 18-21, 23-26 have been theoretically predicted and/or experimentally characterized. In these studies, it has been shown that the magnetic order originates from metal ions and the ferroelectric order from the organic molecules through a quite peculiar hybrid improper inversion symmetry breaking mechanism. This microscopic interpretation suggests two hybridizing non-polar distortions breaking the inversion symmetry and giving rise to ferroelectric polarization. While the hybrid improper ferroelectricity was initially discussed in the context of inorganic multiferroics, 27 it has become clear that in hybrid materials it may have much more interesting applications and possibility for increasing the functionality of hybrid perovskite. Recently, the magnetoelectric coupling effect in the mixed-valence formate framework was experimentally observed at 3.5 K. 35 According to previous studies, 36 DMAFeFe crystallizes in the trigonal P-31c space group at room temperature. Until 2012, Rodríguez-Carvajal et al. first observed an unprecedented order-disorder phase transition in the mixed-valence complex by a neutron diffraction experiment. 37 It was found that DMAFeFe transforms into an antiferroelectric R-3c phase (see Figure 1a In this work, we start from the proposed centrosymmetric structure at T = 93 K and we performed accurate atomic relaxations by using first-principles calculations. We found that, a non-centrosymmetric structure (R3c space group) with antiferromagnetic spin ordering as a lower energy compared with the centrosymmetric structure (R-3c space group). This proposed low temperature structure shows a ferroelectric polarization as high as 7.41 nC/cm 2 , in reasonable agreement with a recent measurement. 35 This suggests that the DMAFeFe should be a hybrid organic-inorganic multiferroic material at low temperature. We found the small polarization originates mainly from the Fe offcentering of [Fe III O6] octahedral. The detailed analysis in terms of the different contributions to electric polarization, due to the interplay between charge ordering, dipolar ordering of DMA + cations as well as induced structural distortions is the subject of a forthcoming article. Our study suggests possible future directions for engineering multifunctional properties in hybrid organic-inorganic perovskites.
Computational details
Density-functional theory (DFT) calculations were performed by using the PerdewBurke-Ernzerhof generalized gradient approximation (PBE-GGA) 39 , as implemented in the Vienna Ab initio Simulation Package (VASP) [40] [41] . Because of the strong electronic correlation between partially filled d shells, GGA+U method was employed in our calculations 42 . The correlation energy (U) and exchange energy (J) were chosen to be 4 eV (5 eV) and 0.89 eV (0.89 eV) for Fe 2+ (Fe 3+ ), respectively from previous literature. 43 The plane-wave cut-off energy was set to 500 eV and a 4×4×4 MonkhorstPack grid of k-points was employed for sampling the Brillouin zone. 44 The atomic positions were relaxed until the force on each atom was smaller than 0.02 eV/Å. For estimating the polarization, the Berry phase theory as implemented in the VASP code was used. [45] [46] 
Results and discussion
Firstly, we performed density functional theory simulations to study a possible ground state of DMAFeFe at low temperature. We started with an ordered arrangements of DMA + cations compatible with the centrosymmetric R-3c space group. After relaxing all the atomic positions, we found that the polar structure (R3c phase) has a lower total energy than the non-polar structure (R-3c phase) by 73.36 meV/f.u. The atomic coordinates of [FeO6] octahedra in R-3c and R3c phase are summarized in Table 1 . The polarization is comparable with the experimental result (see below). Figure 1 shows the structures representing the centrosymmetric reference phase (R-3c) and the proposed ferroelectric phase (R3c) for DMAFeFe. In both cases, the metal centers (Fe (0.645 Å). 47 We also evaluate the ferroelectric polarization by using the Berry phase theory. [45] [46] Starting from the low-symmetry 3.5 K structure (λ = 1) with space group R3c, we consider the structure with space group R-3c as the reference structure (λ = 0) and we build a one-to-one atomic mapping between the R3c and R-3c structures. The atomic distortion field connecting the two structures have been parametrized by λ representing the normalized amplitude of the distortion field. Figure 2 shows the evolution of total energy difference and the polarization from the R3c to R-3c structure, as a function of the normalized amplitude (λ) of atomic displacements. The estimated total polarization along the (111) direction (see Figure 1) Figure 3a) . Since the structure is very complex, consisting of 222 atoms per unit cell, in our study we considered only collinear spins. On the basis of antiferromagnetic configuration, the calculated local magnetic moments were shown in . Note that the yellow and green parts correspond to electron density increase and decrease, respectively.
Finally, we examined the electronic properties of R3c structure. As shown in Figure 4 and 
Conclusions
In summary, we reported the structural, electronic, magnetic and ferroelectric properties of a mixed-valence Fe(II)-Fe(III) formate framework by using the firstprinciples calculations. Our results imply a possibly new ferroelectric phase with the R3c space group below 3.5 K could reasonably explain the low temperature ferroelectricity of DMAFeFe observed in recent experiment. More detailed study is in progress in order to disentangle the different contributions to the electric polarization, but this goes beyond the purpose of the present report. Finally, the results of electronic properties show that no apparent band dispersion can be observed for R3c phase DMAFeFe, indicating localized carriers and low levels of conductivity in the compound.
Our observations provide a possibility to design a multifunctional mixed-valence MOF.
